ABSTRACT
A lzheimer disease is the most common cause of dementia in the elderly. The hippocampus, part of the medial temporal lobe memory system, is particularly vulnerable to damage at the very earliest stages of AD. 1, 2 Hippocampal atrophy is, therefore, considered an important biomarker of AD. In addition, previous pathologic studies showed that the atrophic pattern in the hippocampus in AD was rather selective; that is, degeneration within the CA1 and subiculum regions appeared to be more severe compared with that in other components of the hippocampus in the early stages of AD. 3 In addition, several previous studies have tried to identify hippocampal atrophy of AD in vivo by measuring total volumes and 3D surface mapping, and their results were consistent with those in the postmortem studies. However, because the morphology of the hippocampus is convoluted, volumetric measurement of the inner subfields was needed to understand the complex anatomic change of the hippocampus. 4 Using manual delineation of hippocampal subfields, Mueller and Weiner 5 reported that subfield atrophy occurred in the CA1-2 boundary zone in amnestic mild cognitive impairment and in CA1 in AD. Although manual subfield segmentation provides the most accurate delineation of hippocampal subfields, it requires labor-intensive work and is, therefore, not suitable for dealing with a large amount of MR imaging data. 4, 6 To overcome these problems, a few researchers have developed automated hippocampal subfield segmentation methods. 4, 7 The method of Van Leemput et al 7 was based on Markov random fields prior to labeling the hippocampal subfields and was validated by comparison with manual tracing. In this study, an atlas mesh was previously built from the manual delineation of the hippocampus in 10 control subjects. The Dice overlap measures between manual and automated segmentation methods were approximately 0.7 for all substructures (from CA2-3 and the subiculum at 0.74 to CA1 at 0.62). 7 In another preliminary study on subjects with aMCI by using the same method, Hanseeuw et al 6 showed that CA2-3 and subicular volumes were significantly smaller in subjects with aMCI, while other subfields were not, compared with healthy controls.
We are unaware of previous imaging studies of automated hippocampal subfield segmentation in AD. The aim of this study was to compare hippocampal subfield volume differences between controls and drug-naïve subjects with AD with a somewhat larger sample size by using the automated hippocampal subfield segmentation method of Van Leemput et al. 7 Indeed, a previous study revealed that the hippocampal atrophy rate might be affected by medications such as cholinesterase inhibitors. 8 We hypothesized that CA1 and subiculuar volumes would be smaller while other subfields would be spared in AD compared with controls.
MATERIALS AND METHODS

Subjects
In this study, 31 patients with AD were included. They were recruited through the outpatient psychogeriatric clinic of St. Vincent Hospital located in Suwon, South Korea, from October 2009 to October 2010. The patient group fulfilled the National Institute of Neurologic and Communication Disorders and Stroke/Alzheimer Disease and Related Disorders Association criteria for probable AD 9 and had a score on the Clinical Dementia Rating Scale of Ն1. 10 We excluded from the study subjects who had other neurologic or psychiatric conditions (including other forms of dementia or depression) and those taking any psychotropic medications (eg, cholinesterase inhibitors, antidepressants, benzodiazepines, and antipsychotics). Subjects were screened with a selfreport health questionnaire that reviewed both the demographic data and the medical history.
Thirty-three healthy controls were recruited within the community through an advertisement in the local newspaper. Control subjects were matched to patients on age, handedness, and level of education. Furthermore, control subjects were given the same self-report health questionnaire as the patients, thus enabling matching on health status.
The study was conducted in accordance with the ethical and safety guidelines set forth by the local institutional review board of Catholic University of Korea. Informed consent was obtained from all subjects and their guardians participating in the study. All subjects were right-handed.
MR Imaging Acquisition
All participants underwent MR imaging on a 3T whole-body scanner equipped with a 32-channel head coil (Verio; Siemens, Erlangen, Germany). The scanning parameters of the T1-weighted optimized high-resolution 3D magnetization-prepared rapid acquisition of gradient echo sequences were as follows: TR/ TI/TE ϭ 1900/900/2.5 ms, FOV ϭ 250 ϫ 250 mm, flip angle ϭ 9°, 208 sections acquired coronally, thickness ϭ 0.8 mm, acquisition time ϭ 7.34 minutes.
Image Processing
For cortical reconstruction and volumetric segmentation of the whole brain, the FreeSurfer image-analysis suite (Version 5.0.1; http://surfer.nmr.mgh.harvard.edu), documented and freely available on-line, was used. The technical details of these procedures have been described in previous publications. 11, 12 Briefly, the processing stream includes a Talairach transform of each subject's native brain, removal of the nonbrain tissue, and segmentation of the gray matter-white matter tissue. The cortical surface of each hemisphere was inflated to an average spheric surface to locate both the pial surface and the gray matter-white matter boundary. We visually inspected the entire cortex of each subject and manually corrected any topologic defects, blinded to the subject's identity. Hippocampal volumes were obtained from the automated procedure for volumetric measures of the brain structures implemented in FreeSurfer. Automated segmentation of the hippocampus to its respective subfields was performed by using Bayesian inference and a statistical model of the medial temporal lobe. The left and right hippocampi were segmented into 7 subfields: CA1, CA2-3, CA4 -DG, subiculum, presubiculum, fimbria, and hippocampal fissure (Fig 1) .
Statistical Analyses
Statistical analyses for demographic data were performed with the Statistical Package for the Social Sciences software (Version 12.0; SPSS, Chicago, Illinois). Assumptions for normality were tested for all continuous variables. Normality was tested by using the Kolmogorov-Smirnov test. All variables were normally distributed. The independent t test and the 2 test were used to assess potential differences between the AD and healthy control groups for all demographic variables. All statistical analyses had a 2-tailed ␣ level of Ͻ.05 for defining statistical significance. In accordance with other volumetric analyses, adjustment was performed for each region by an analysis of covariance approach: adjusted vol-
, where b is the slope of a regression of a region-of-interest volume on ICV. 13 Adjusted volume was used for all analyses described in this study.
To assess both the main effects of diagnosis (AD-versus-control) factors on the hippocampal subfield volume, we used analysis of covariance with total intracranial volume, education, sex, and age as nuisance variables. In addition, regression analyses were performed to determine the contribution of clinical variables (Korean version of the Mini-Mental State Examination 14 and the Korean version of the Consortium to Establish a Registry for Alzheimer disease) 15 delayed recall scores) to hippocampal subfield volume. Because the FreeSurfer analysis suite does not provide correction for multiple comparisons in the analysis of hippocampal subfield volume, we set an uncorrected P Ͻ .001 (2-tailed) as a significant threshold in the statistical difference maps. This threshold, when an a priori hypothesis was present, was approximately the equivalent to P Ͻ .05, corrected for multiple comparisons.
16,17 Table 1 shows the baseline demographic data in our different subject groups. There was no significant difference in sex, age, and education between the AD group and the control group. Compared with the control group, the AD group showed significantly poorer performances on the MMSE-K and the CERAD-K delayed recall test (P Ͻ .0001).
RESULTS
Demographic Data
Quantitative Volumetric Data
The total volumes of the left (F ϭ 19.3; P Ͻ .0001) and the right (F ϭ 32.2; P Ͻ .0001) hippocampi of the AD group were significantly smaller than those of the control group (Table 2 ).
In the left hippocampus, the presubiculum (F ϭ 13.2; P ϭ .001) and the subiculum (F ϭ 18.2; P Ͻ .0001) volumes were significantly smaller in the AD group compared with the control group. In addition, the AD group had a smaller volume tendency in the left CA2-3 (F ϭ 7.1; P ϭ .009) and the CA4-DG (F ϭ 8.2; P ϭ .006) compared with the controls. However, there were no significant volume differences between the AD group and control group in the left CA1 (F ϭ 0.8; P ϭ .347), the fimbria (F ϭ 2.1; P ϭ .145), and the hippocampal fissure (F ϭ 0.1; P ϭ .716).
In the right hippocampus, the presubiculum (F ϭ 29.5; P Ͻ .0001), the subiculum (F ϭ 24.9; P Ͻ .0001), the CA2-3 (F ϭ 15.8; P Ͻ .0001), and the CA4-DG volumes (F ϭ 15.5; P Ͻ .0001) were significantly smaller in the AD group compared with the control group. In addition, the AD group had a smaller volume tendency in the right CA1 (F ϭ 5.5; P ϭ .022) compared with the controls. However, there were no significant volume differences between the AD group and the control group in the right fimbria (F ϭ 3.7; P ϭ .059) and the hippocampal fissure (F ϭ 0.1; P ϭ .720).
In the correlation analysis, age was not correlated significantly with any hippocampal subfield volume in the AD group. However, the left total hippocampal (r ϭ Ϫ0.46, P ϭ .001) and the CA4-DG (r ϭ Ϫ0.48; P ϭ .001) volumes were negatively correlated significantly with age in the control group. The MMSE-K scores of the subjects with AD were positively correlated significantly with the left subiculum (r ϭ 0.47; P ϭ .001) and the total hippocampal volume (r ϭ 0.48; P ϭ .001); and the right subiculum (r ϭ 0.84; P Ͻ .0001), the presubiculum (r ϭ 0.43; P ϭ .001), the CA2-3 (r ϭ 0.43; P ϭ .001), and the total hippocampal volume (r ϭ 0.55; P Ͻ .0001). In addition, the CERAD-K delayed recall scores of the subjects with AD were positively correlated with the left presubiculum (r ϭ 0.53; P Ͻ .0001), subiculum (r ϭ 0.59; P Ͻ .0001), CA4-DG (r ϭ 0.45; P ϭ .001), and total hippocampal volume (r ϭ 0.49; P ϭ .001) No significant correlation was observed between the other hippocampal subfield volumes and the MMSE-K scores and the CERAD-K neuropsychological test scores in the AD group. In addition, no significant correlations were observed between the CERAD-K neuropsychological test scores and the hippocampal subfield volume in the control group. 
DISCUSSION
We are unaware of previous imaging studies on the effect of diagnosis of AD on the hippocampal subfields by using the automated hippocampal subfield segmentation method by Van Leemput et al. 7 In this study, the subjects with AD had significantly smaller volumes of the presubiculum, the subiculum, the CA2-3, and the CA4-DG compared with the healthy subjects. To date, there was a study on the hippocampal subfield volume segmentation analysis in AD. 5 Using manual segmentation analysis of hippocampal subfield volume, Mueller and Weiner 5 reported that patients with AD had smaller subicular and CA1 volumes, compared with controls, which is in line with those in our study. In the progression from mid cognitive impairment to AD, neurodegeneration is known to occur in a progressive and hierarchic fashion. 18 Among the hippocampal subfields, degeneration within the CA1 and subiculum appeared to be more severe compared with other components of the hippocampus in aMCI and the early stages of AD. 3 Pathologic findings in patients with AD suggested that severe degeneration of the perforant path providing input from layer III of the entorhinal cortex to the CA1 and the subiculum was a characteristic feature of AD.
18,19
The presubiculum, which can be defined as a modified 6-layered cortex between the subiculum and the main part of the parahippocampal gyrus, may play a role in processing episodic memory. 20 In addition, the previous neuropathologic studies showed that regions including the entorhinal transition area and the presubiculum contain exceptionally high levels of amyloid plaques in patients with AD. 21 A previous study by Hanseeuw et al 6 showed smaller right presubicular volume in patients with aMCI by using the same methods as ours, compared with controls. Therefore, measuring presubicular volume might be as sensitive as measuring subicular and CA1 volume in detecting pathologic processes of AD and aMCI. However, further longitudinal study and discrimination analysis with larger samples will be needed. Contrary to our hypothesis, we could not observe any significant volume difference in the CA1 subfields between the aMCI group and controls, which agreed with previous studies on aMCI by Hanseeuw et al by using the same method. 6 However, these results were not in line with those in previous studies using the manual segmentation of hippocampal subfields or 3D surface mapping of the hippocampus. 5, 22 As to this discrepancy, Hanseeuw et al suggested that there was a boundary difference between the studies and possible CA1 hypertrophy in aMCI. They also suggested that the reproducibility of their method would permit more consistency between studies than was possible with manual methods. Similar patterns of our results compared with those in the study by Hanseeuw et al might confirm the reproducibility of the automated hippocampal subfield segmentation method by Van Leemput et al. 6, 7 The method by Van Leemput et al 7 used geometric rules as criteria for defining subfields (presubiculum, subiculum, CA1, CA2-3, and CA4-DG), whereas the protocol used by Mueller and Weiner 5 generally proceeded by comparing in vivo image sections with the annotated postmortem data by Duvernoy et al. 23 Furthermore, the anatomic definition of hippocampal subfield boundaries in 3D surface mapping also used the atlas of Duvernoy et al. 23, 24 Indeed, there were differences in defining the CA1 and subiculum in the previous studies;
for example, what was defined as CA1 in the study by According to the anatomic atlases, the CA1 is one of the largest hippocampal subfields. 23 However, as indicated in Table 2 , the CA1 volume was smaller than the CA2-3 volume. Previous postmortem studies reported that the CA2-3 regions are much smaller than the CA1 region. 23, 25 Although the segmentation protocol by Van Leemput et al 7 was validated with manual segmentation, there might be the possibility of definition bias in the hippocampal subfield boundaries in their study. 7 Because the previous postmortem pathologic studies indicated that degeneration within the CA1 and subiculum appeared to be more severe compared with other components of the hippocampus in aMCI and early stages of AD, further consensus in defining the subfield boundary on in vivo MR imaging will be needed. 18 In addition, the study by Hanseeuw et al 6 reported that the hippocampal subfield segmentation of the subiculum, the presubiculum, and the CA2-3 might have some discriminative power in diagnosing aMCI. 6 However, these results should be interpreted cautiously because there are mismatches in defining subfield boundaries between the segmentation protocol by Van Leemput et al 7 and the anatomic atlases. 23 In this regard, we could not determine the diagnostic value of the hippocampal subfield segmentation in AD. Because the previous study by Mueller and Weiner 5 reported that the manual segmentation had substantial diagnostic power in detecting AD and aMCI, a more accurate anatomic boundary definition will increase the power of the diagnostic value of the method by Van Leemput et al. 7, 26 In this study, the AD group showed significant correlation between the presubiculum, subiculum, and total hippocampal volumes and CERAD-K verbal delayed recall scores. Although there was no study on the relationships between the hippocampal subfield volume and verbal delayed recall scores in AD, the results were in line with those in the previous study using the 3D surface mapping in aMCI. 22 An automated hippocampal shape-analysis method by using a pattern-recognition algorithm showed a positive correlation between CERAD delayed recall scores and hippocampal deformation in the CA1 and subiculum. 22 In addition, the left total hippocampal and CA4-DG volumes were negatively correlated significantly with age in the control group, which was also in accordance with those in the previous studies. 5, 6 The study by Hanseeuw et al 6 showed that total hippocampal volume was significantly explained by age in the healthy elderly controls. Additionally, they showed that age tended to explain CA4-DG volume in the controls. 6 In the manual hippocampal subfield segmentation study by Mueller and Weiner, 5 they reported that CA3-DG volumes remained stable up to the fifth decade and then became increasingly smaller. Our study had some limitations. First, although we could quantitatively analyze the hippocampal subfield volume differences between the AD and controls, we could not see the anatomic locations of the morphologic changes. Therefore, further analysis of hippocampal subfield segmentation with 3D surface mapping
